Introduction
Oxygen plasmas play an important role in the modification of polymer surfaces based on their ability to introduce new functionalities at the interface, thereby changing a material's surface properties. 1 For example, low-pressure oxygen plasmas are used to modify wool surfaces by increasing tensile strength, abrasion resistance, and enhancing colorfastness. In biomedical technology, Menicon, a commercially available material used in contact lenses, is treated with O 2 plasmas to increase hydrophilicity. 2 Oxygen plasmas have also been employed in the synthesis of diamond and diamond-like films. 3 During plasma processing, the sample is exposed to a complex reactive medium containing energetic species including ions, electrons, radicals, and UV/VUV radiation. 4 Within the discharge, the total flux of reactive neutrals and radicals produced are typically 3-4 orders of magnitude greater than the corresponding ion concentration. 5 Indeed atomic or molecular radicals are often cited as the key species responsible for initiating surface reactions during plasma processing. 6 Due to the wide range of reactive species within a plasma, however, the surface reactions of individual species are hard to determine.
The reactions of atomic oxygen, specifically O( 3 P), with different polymeric materials is also crucial in determining the performance and longevity of coatings used on spacecraft vehicles in Low Earth Orbit (LEO). [7] [8] [9] These coatings need to exhibit long-term stability 7 in order to survive the effects of ultraviolet radiation, thermal cycling, and an atmosphere comprised of 90% atomic oxygen observed at altitudes between 200 and 700 km. 8 In experiments by Golub et al. [10] [11] [12] the effect of O( 3 P) on a variety of polymeric substrates including poly-(vinylidene fluoride) (PVDF), tetrafluoroethylene-ethylene copolymer (TFE-ET), and polyethylene (PE) was investigated by comparing structural and chemical changes, as well as etch rates in and out of the glow of a radio frequency O 2 plasma. These studies revealed substrate etching and a degree of surface oxidation that was less pronounced in the more fluorine-rich polymers. 10 For a given polymer, the degree of oxidation was also found to increase when the sample was placed in the plasma glow region. This result was attributed to the ion/O/O 2 -rich effluent in the plasma glow compared to the O/O 2 rich region in areas removed from the plasma glow. 9, 13 A number of recent studies have explored the interaction of oxygen plasma treatments with self-assembled monolayers (SAMs). Clouet et al. 14 studied the effects of oxygen cold plasmas on hexatriacontane and octadecyl octadecanoate SAMs as models for the effects of plasmas on high-density polyethylene and polyester, respectively. Using mass spectrometry, they observed CO, H 2 O, CO 2 , and H 2 as the main gas-phase products during reaction with oxygen-rich plasmas. After a few minutes exposure, a steady-state distribution of gas-phase species was observed. The degradation of the SAM film was attributed to the action of atomic oxygen, while surface functionalization was attributed to the result of both atomic and molecular oxygen. Elms and co-workers followed the effect of O 2 plasmas on octadecyl mercaptan (CH 3 (CH 2 ) 17 SH) adsorbed on gold 9 and also concluded that there is a balance between substrate etching and oxidation. In contrast to Clouet et al., 14 etching was attributed to the ions present in the plasma while oxidation was a result of reactions involving O( 3 P) and molecular oxygen. In a related study, Dai and co-workers studied the effects of different oxygen plasma components on an alkylthiolate SAM. 15 By filtering the plasma components using mesh and glass baffles, the effects of a full plasma treatment was compared to the plasma without ions and radiation. A much slower oxidation and etching rate was observed when ions and radiation were removed from the plasma discharge.
The present study focuses on the detailed interaction of atomic and molecular oxygen with an X-ray-modified hexadecane thiol adsorbed on gold SAM using in situ X-ray photoelectron spectroscopy. Atomic oxygen was generated by thermal dissociation of O 2 , generating a mixture of O( 3 P) and O 2 . 16 This approach was employed to identify the molecular level surface reactions that accompany the interaction of atomic and molecular oxygen with hydrocarbon films without the interference of ions or radiation. This study also utilizes a number of important advantages that accrue from the application of thin organic films with well-defined structural properties as models for polymeric interfaces. 17 For instance, the use of SAMs greatly facilitates spectral analysis by reducing the background CC/CH 2 species in polyethylene. 10 Consequently, the nature and concentration of various O-containing species and their dependence on treatment time can be accurately determined. Furthermore, the ultrathin nature of the film also means that XPS can be employed to measure changes in the film's thickness under reaction conditions. In contrast to polymeric substrates, the surface temperature of a SAM can easily be controlled. 18, 19 In the present study this advantage is exploited by carrying out reactions at low temperatures as a means to trap and probe volatile intermediates.
In the present study, the reaction of cross-linked hexadecanethiol/Au SAMs with O/O 2 was found to proceed in three distinct stages. Initially the incorporation of oxygen functionalities into the hydrocarbon film occurs in the absence of substrate erosion. At intermediate exposures, a steady-state distribution of C-O, CdO, and O-CdO species was observed in the film while CO and CO 2 desorption are responsible for erosion. Under these conditions, the limited penetration depth of oxygen radicals within the film results in pseudo zerothorder kinetics associated with a constant carbon desorption rate. At longer exposures when the thickness of the film was reduced below the penetration depth of oxygen radicals, the loss of carbon exhibited pseudo first-order decay kinetics, accompanied by oxidation of sulfur and gold at the film/substrate interface.
Experimental Section
X-ray photoelectron spectroscopy (XPS) measurements were carried out in the same ultrahigh vacuum (UHV) chamber (P base ≈ 5 × 10 -9 Torr) as the O/O 2 source. Details of the UHV system and associated capabilities can be found in a previous publication. 20 All XP spectra were collected at 15 kV and 300 W with a take-off angle of 45°from the sample normal. Unless otherwise noted, samples were mounted in a carousel stage with xyz translational and rotational capabilities. Binding energy scales were referenced to the CC/CH 2 peak in the C(1s) region at 284.6 eV. 15 XPS data fitting was performed using 100% Gaussian peaks. Shirley background subtraction was used in the Au(4f), C(1s), and O(1s) regions, while a linear background subtraction was employed in the S(2p) region.
Sample Preparation. Gold substrates were initially cleaned by Ar + ion sputtering and then dipped into a 5 mM solution of hexadecane thiol (CH 3 (CH 2 ) 15 SH) in ethanol for 10-12 h to prepare a C 16 -SAM. Samples were then washed in ethanol, water, and hexanes and placed in the UHV carousel stage. C 16 -SAMs (also referred to as hydrocarbon films) were subsequently treated with X-rays at 300 W for ≈15 h prior to O/O 2 exposure.
O/O 2 Source. Atomic oxygen was generated using a Thermal Gas Cracker TC-50 (Oxford Applied Research). This gas cracker works by dissociating molecular gases such as oxygen into a stream of atomic, low-energy reactive species. The gas, in this case molecular oxygen, passes through a metallic capillary heated by electron-beam irradiation and dissociates before entering the chamber. The tube is heated by electron emission from a heated filament, maintaining the capillary at a +2 kV relative to the filament. Electron bombardment heats the tube to ≈ 1000°C; to avoid outgassing, the source is mounted inside a water-cooled copper block. The O/O 2 source is located in a line of sight with the sample (target-to-sample distance ≈ 5 cm). The O/O 2 source was operated at 30 W at a chamber pressure of ≈ 6 × 10 -7 Torr.
Low-Temperature Studies. Low-temperature studies were carried out in the same system but in these experiments, SAMs were mounted on a dedicated UHV manipulator (McAllister Technical Services) with capabilities for precision xyz translation, rotation, and sample cooling as well as direct heating capabilities. Samples were mounted on a tantalum foil that was attached to a ceramic feed-through coupled to the UHV manipulator. The sample was cooled by passing liquid nitrogen into a stainless steel tube connected to the ceramic feed-through, and the temperature monitored using an alumel-chromel thermocouple spot-welded to the back of the tantalum foil. The cooling system arrangement allowed sample temperatures of ≈100 K to be maintained. Figure 1 shows the O(1s) and Au(4f) XPS regions of a clean gold substrate that was sequentially exposed to the O/O 2 effluent from the radical source. Initially, no oxygen species were present in the O(1s) region, and the Au(4f) region is composed of a doublet at 84 and 87.6 eV corresponding to the 4f 7/2 and 4f 5/2 Au transitions, respectively. Figure 1 shows that, as the Au substrate is exposed to O/O 2 , a new peak is observed in the O(1s) region at 529.7 eV. [21] [22] [23] Simultaneously, in the Au(4f) region, a decrease in intensity associated with the initial Au4f 7/2 and 4f 5/2 doublet was observed as well as a broadening to the higher binding energy side. The resultant Au(4f) XPS region could be well fit by a combination of the initial Au4f 7/2 and The inset at the top left of Figure 1 shows the variation in the O(1s) XPS area associated with Au 2 O 3 as a function of O/O 2 exposure. The Au 2 O 3 signal can be seen to increase rapidly at short exposure times (<10 min) but saturates at exposure times greater than 20 min. On the basis of the attenuation of the Au4f 7/2 peak, 21 ,24 the thickness of the Au 2 O 3 overlayer is estimated to be 7.3 Å. Figure 2 shows the evolution of the O(1s), C(1s), S(2p), and Au(4f) XPS regions of an X-ray-modified hexadecanethiol SAM (C 16 -SAM) adsorbed on gold, as the film is exposed to O/O 2 . The initial X-ray irradiation initiates electron stimulated C-H, C-C, and S-Au bond breaking in the C 16 -SAM, 25, 26 generating a cross-linked carbonaceous overlayer, whose chemical composition is invariant to further X-ray irradiation. Pretreatment of the C 16 -SAM was employed to minimize the effect of X-rays during subsequent XPS analysis of samples following exposure to the O/O 2 source. Consistent with this approach is the fact that the C(1s) XP spectral regions shown in Figure 2 were invariant to X-ray irradiation on the time scale of the spectral acquisition. Following X-ray exposure, the film exhibited a single peak in the C(1s) region at 284.6 eV corresponding to CC/CH 2 species and a featureless O(1s) region (Figure 2 , t ) 0 min). 15 The S(2p) region consists of a single doublet at 162.8 eV associated with the 2p 3/2 and 2p 1/2 transitions of native thiolate species bound to the underlying Au substrate. 9, 15, 25 The Au(4f) region is composed of two peaks at 84 eV and 87.6 eV due to the 4f 7/2 and 4f 5/2 transitions of metallic Au.
Results
Upon initial exposure (<35 min) to O/O 2 ( Figure 2 , t ) 30 min), there was a decrease in the C-C/CH 2 intensity in the C(1s) region, accompanied by a broadening of the overall spectral envelope to higher binding energies. This resultant C(1s) XPS envelope can be fit to a combination of CC/CH 2 (284.6 eV), C-O (286.1 eV), CdO (287.5 eV), and O-CdO (288.9 eV) species. 15 The appearance of these new oxygen-containing functionalities is also consistent with the appearance of a new broad peak in the O(1s) region centered at 532.7 eV, that can be ascribed to these various O-C species. 19 In contrast to the O(1s) and C(1s) regions, no changes are observed in the S(2p) and Au(4f) XPS regions during the initial exposure to O/O 2 . At intermediate exposure times (60 < t < 420 min) the contribution of the C-O, CdO, and O-CdO groups in the C(1s) region, as well as the O-C peak in the O(1s) region, remain relatively constant although the CC/CH 2 peak intensity continues to decrease (Figure 2 , 180 and 300 min). There are no noticeable changes in the S(2p) and Au(4f) region during this time, indicating that the O/O 2 -induced transformations are restricted to the carbon-containing overlayer.
At longer exposure times (t > 420 min) the reaction trend observed by XPS changes drastically. For example at 420 min (Figure 2 ), the O(1s) region broadens to lower binding energies due to the appearance of a new feature at 529.9 eV, consistent with the formation of Au 2 O 3 . The formation of Au 2 O 3 is also evidenced in the Au(4f) region by a broadening in the Au(4f) region similar to that observed in Figure 1 with a growth in intensity at 85.5 eV and at 89.1 eV due to the 4f 7/2 and 4f 5/2 transitions of Au 2 O 3 , respectively. 23 Simultaneously, the C(1s) region exhibits a decrease in the area of all species (CC/CH 2 , C-O, CdO, and O-CdO). In the S(2p) region, the peak at 15 For each species, Gaussian peaks with a fwhm of 1.8-2.0 eV were employed. The S(2p) region exhibits two doublets centered at 162.8 eV and 168.0 eV due to native thiolate and sulfonate species, respectively. The Au(4f) region shows the Au4f5/2 and Au4f7/2 transitions of pure Au; the corresponding peaks due to Au2O3 are shown as dotted lines.
162.8 eV associated with native thiolate species begins to decrease accompanied by the appearance of a new peak at 168.0 eV consistent with the production of sulfonate (RSO 3 ) species. 15, 19 At even longer O/O 2 exposures (Figure 2 , 540 and 720 min), the formation of Au 2 O 3 becomes more evident, while intensity associated with carbon-containing species continues to decrease, and the S(2p) region now consists of a single peak associated with RSO 3 groups. It should be noted that in contrast no chemical changes were observed when modified C 16 -SAMs were exposed to molecular oxygen for several hours. Figure 3 shows the area of the CC/CH 2 (284.6 eV), C-O (286.1 eV), CdO (287.5 eV), and O-CdO (288.9 eV) species in the C(1s) region as well as the total carbon signal as a function of O/O 2 exposure time compiled from the data set containing the spectra shown in Figure 2 . The changes observed in the C(1s) region can be divided into three separate regions, as shown in Figure 3 . In region (I) (0 min < t < 35 min) oxygencontaining carbon functionality appears in the film. Of the oxygen-containing functionality produced, C-O species are produced in the greatest abundance while the time dependence and concentration of CdO and O-CdO groups are very similar to one another. During this time period, the CC/CH 2 species experience a rapid decrease in area (28% loss in signal after 30 min O/O 2 exposure) while the total C(1s) area remains constant. In region II (60 min < t < 360 min) the growth of C-O, CdO, and O-CdO reaches a steady state although the total C(1s) signal decreases linearly with O/O 2 exposure. In region III (t > 360 min) the area of the C-O, CdO, and O-CdO species begin to decrease. Figure 3 also shows that the loss in total carbon signal as a function of O/O 2 exposure in this region follows a more rapid exponential like decay compared to the linear dependence observed in region II. Although no attempt was made to systematically study pristine, nonirradiated C 16 -SAMs due to the effect of X-ray irradiation on the film's carbon content a few selected experiments indicated that the evolution of the C(1s) region as a function of exposure to the O/O 2 source was qualitatively similar to those observed on the cross-linked C 16 -SAMs. Figure 4 shows the variation in area of the Au 2 O 3 , RSO 3 , and total Au as a function of O/O 2 exposure time. Figure 4 , a Figure 4c shows that the Au XPS signal remains virtually unchanged at low exposure times (t < 120 min). Between 120 and 600 min of O/O 2 exposure, the Au(4f) signal increases, reaching a maximum value after ≈600 min. Figure 5 shows the result of separate experiments carried out on a cross-linked C 16 -SAM cooled to 113 K. Figure 5a shows the C(1s) region following exposure to the O/O 2 source for 3 h at 113 K. The C(1s) region was fitted with the same CC/CH 2 , C-O, CdO, and O-CdO peaks, parameters, and positions used in Figure 2 . An additional peak, centered at 290.3 eV, however, was also required to adequately fit the C(1s) spectral envelope. The substrate was then heated to room temperature and the C(1s) XPS reacquired (Figure 5b) . A comparison of Figure 5 , a and b, indicates that the main difference between these spectra is that intensity associated with the higher binding energy feature has been lost upon annealing to room temperature. This is illustrated by the difference spectra between the low-and roomtemperature XP spectra shown in Figure 5c . Figure 6 shows the difference in the C(1s) spectra of a crosslinked C 16 Figure 2 . Subsequent Ar + ion sputtering of the film produced a decrease in the total C(1s) signal (not shown). Furthermore, the C(1s) envelope exhibited a significant decrease in the relative contribution from oxygen-containing carbon functionality (represented by the area of the C-O, CdO, and O-CdO groups) compared to CC/CH 2 species (cf. Figure  6, a and b) . It should be noted that in order to provide a direct comparison of the distribution of carbon-containing functionality, the C(1s) spectra in Figure 6 have been normalized to the CC/CH 2 peak area.
Discussion
Source Calibration. Figure 1 illustrates that the passage of molecular oxygen through the thermal cracker leads to the uptake of oxygen on the Au substrate and the production of a thin Au 2 O 3 overlayer. Evidence of a surface limited reaction is supported by the rapid uptake of oxygen at short exposures before a saturation coverage is reached at longer exposures (Figure 1: insert) . In summary, the information contained in Figure 1 is taken as evidence for the production of atomic oxygen when the tube is heated based on the subsequent production of Au 2 O 3 through the reaction:
Consequently, the effluent from the heated source can be considered a mixture of atomic and molecular oxygen (O( 3 P)/ O 2 ). 16 Interaction Stage I. Figure 3 shows that the reaction of O/O 2 with the X-ray modified C 16 -SAM can be divided into three distinct regions. At very short exposures (stage I) oxygen functionality in the form of C-O, CdO, and O-CdO is introduced into the hydrocarbon film. During this time regime there is little or no change in the total carbon content although the CC/CH 2 peak area decreases markedly. Based on previous studies, the initial reaction of oxygen radicals with hydrocarbon films involves H-abstraction leading to the production of •OH radicals in the 
SCHEME 1: Schematic of the Interaction of O/O 2 with a C 16 -SAM Modified by X-ray Irradiation a
a Reaction steps include the incorporation of oxygen-containing functionality into the hydrocarbon film, erosion of the carbonaceous overlayer, and oxidation of sulfur and gold species present at the substrate/film interface. The initial structure of the C16-SAM after X-ray irradiation is based on information contained in refs 25,26,39. gas phase and the production of alkyl radicals in the hydrocarbon film thus (Scheme 1): 14, [27] [28] [29] [30] The subsequent formation of oxygen containing functional groups (R-O-R, CdO, and O-CdO species) is postulated to occur via peroxyradicals formed by the reaction of singlet state oxygen with alkyl radicals. 14, [28] [29] [30] For example:
Since the production of oxygen-containing functionality will be controlled by the effective diffusion length of oxygen atoms within the hydrocarbon film, R-O-R, CdO, and O-CdO species are expected to be localized at the vacuum/film interface. This hypothesis is supported by results of Ar + ion sputtering carried out in conjunction with XPS ( Figure 6 ). The decrease in concentration of C-O, CdO, and O-CdO species compared to the CH 2 /CC groups observed after 1 min of Ar + ion sputtering, reveals that in O/O 2 -modified films, the majority of oxygen-containing functionality is present at the film/vacuum interface, consistent with previous studies of O( 3 P) reactions with organized ultrathin hydrocarbon films. 19 The fact that the total carbon content, measured by the integrated area of the C(1s) peak, is virtually unchanged in stage I while the CC/CH 2 peak decreases significantly indicates that during this early time period, reactions are dominated by the incorporation of new oxygen-containing functionality and that erosion of the hydrocarbon film has yet to be initiated. This assertion is also supported by the constant Au(4f) XPS signal associated with the underlying substrate during stage I ( Figure  4c) .
Stage II. During stage II, erosion of the hydrocarbon film is initiated. This is evidenced by the decrease in the total carbon signal and a concomitant increase in the Au(4f) XPS signal. Figure 3 illustrates that during this period, the C-O, CdO, and O-CdO concentration remains virtually unchanged and the loss in total carbon signal is due almost exclusively to the loss of CC/CH 2 species, consistent with the formation of a steady-state "erosion front" (Scheme 1). The loss of carbon from the film is ascribed to the formation of volatile CO and CO 2 species through reactions such as: 31 Furthermore, Figure 3 shows that erosion of the film, evidenced by the decrease in total carbon content, is initiated only after a steady-state composition of oxygen-containing carbon functionality is attained. This supports the idea that the generation of oxygen-containing carbon functionality is a necessary precursor for etching.
The production of CO 2 as a volatile species is supported by results obtained when the hydrocarbon film is subject to reactions with O/O 2 while the sample temperature is held at 113 K ( Figure 5 ). Under these low-temperature conditions CO 2 is expected to remain physisorbed (∆H vap (CO 2 ) ) 26.1 kJ mol -1 ) 32 while CO is still released as a gas-phase product due to its greater volatility (∆H vap (CO) ) 6 kJ mol -1 ). 32 Figure 5 shows that the C(1s) envelope produced during O/O 2 reactions at these low surface temperatures is broadened to higher binding energies compared to analogous experiments carried out at room temperature (Figure 2 ) requiring the inclusion of an additional carbon component centered at 290.3 eV, consistent with the higher binding energy anticipated for CO 2 compared to R-O-R, CdO, or O-CdO species. 33 Upon annealing the surface to room temperature this high binding energy component disappears ( Figure 5, b and c) indicative of the volatile nature of these CO 2 species.
On the basis of the reaction mechanism outlined in stage I and the relative rate constants for hydrogen abstraction and subsequent peroxyl radical formation, the rate-determining step for carbon loss from the film is expected to be the initial hydrogen abstraction step mediated by oxygen radicals. 27, 34, 35 Under these conditions the overall reaction rate can be expressed as:
where [CH] and [O] represent the concentration of C-H groups and oxygen radicals, respectively. The flux of O radicals striking the surface is held constant by maintaining a constant operating temperature of the source and the O 2 flow rate through the tube. Consequently, the constant rate of carbon loss in Stage II, characteristic of a zeroth-order reaction rate, indicates that [CH] is constant in this time regime. This phenomena is a consequence of the fact that at any given time, only carbon atoms close to the film/vacuum interface are involved in reactions with incoming O/O 2 species, consistent with oxygen-containing carbon functional groups being localized at the film/vacuum interface ( Figure 6 ). Thus, the [CH] referred to in eq 1 is really a measure of CH group concentration in the near surface region ([CH] surface ). On the basis of the absence of products associated with O atom reactions at the film/substrate interface (Au 2 O 3 and RSO 3 ssee Figures 2 and 4) , the average penetration depth of O atoms within the hydrocarbon film is less than the film's total thickness during stage II. Consequently, the [CH] surface is expected to remain constant giving rise to the constant rate of carbon loss observed. Scheme 1 illustrates that under roomtemperature conditions, CO 2 and CO desorb from the film and reveal underlying hydrocarbon layers, thereby sustaining the etch process. It should be noted that the observation of zeroth-order kinetics in the present investigation is in contrast to the pseudo first-order kinetics reported for the loss of methyl (CH 3 ) and methylene (CH 2 ) groups during the reaction between O( 3 P) and a LB film of cadmium arachidate (CH 3 (CH 2 ) 18 COO -) 2 Cd 2+ on silicon, measured by FTIR. 19 Efficiency of O Atom Etching. The efficiency of O etching within the hydrocarbon film can be estimated from knowledge of the O atom flux and the loss in film thickness during stage II. The O atom flux can be determined from information contained in Figure 1 utilizing the fact that XPS can provide quantitative information on changes in the thickness of an rate of carbon loss
overlayer. The attenuation of the Au4f 7/2 signal observed in Figure 1 enables us to determine that the Au 2 O 3 overlayer is initially increasing at a rate of 0.29 Å/min. A single Au 2 O 3 monolayer is expected to produce an 8.0 Å thick overlayer based on the unit cell dimensions. 36 Taken in conjunction with the initial sticking probability of atomic oxygen on clean Au (5 × 10 -3 ) previously calculated by Wanner et al., 37 the growth rate of the Au 2 O 3 overlayer indicates that the constant flux of O atoms generated by the source per minute is ≈ 22 per unit crosssectional area.
The reduction in hydrocarbon film thickness during stage II can be estimated from the increase in Au(4f) XPS signal ( Figure  4c ) using the inelastic mean free path of 34 Å calculated for Au(4f) photoelectrons in self-assembled monolayers. 38 Results from this analysis indicate that the hydrocarbon film thickness is reduced by 5.4 Å in 330 min. Since the XPS analysis region is the same in Figures 1 and 2 the total cross-sectional area will be identical. This enables us to calculate that the hydrocarbon film thickness is reduced with an efficiency of ≈7.4 × 10 -4 Å/incident O atom. On the basis of the approximations inherent in this calculation, we consider that this value is accurate to within an order of magnitude.
Stage III. Upon prolonged O/O 2 exposures (in excess of ≈ 350 min) erosion of the film is still observed although the reaction kinetics are different from stage II. In stage III, O atoms are able to penetrate to the film/substrate interface evidenced by the simultaneous appearance of RSO 3 and Au 2 O 3 in the S(2p) and Au(4f) XPS regions ( Figure 4 , a and b), respectively (Scheme 1). Furthermore, the change in the S(2p) XPS area in this time region the interaction of atomic oxygen with sulfur appears to be dominated by oxidation rather than desorption. Figure 3 shows that in stage III the loss of carbon from the film is characterized by a first-order decay process. This is a reflection of the fact that although the O/O 2 flux is still constant, the depth of O atom penetration within the film is on the same length scale or greater than the thickness of the remaining hydrocarbon overlayer. Under these conditions the [CH] is no longer constant, leading to the pseudo first-order kinetic behavior evidenced in Figure 3 . Similarly the concentration of R-O-R, CdO, and O-CdO groups decreases as the concentration of CH moieties accessible to incoming O atoms is reduced.
The effective diffusion length of oxygen radicals in the film can be estimated from the thickness of the hydrocarbon film at the point where oxidation of the film/vacuum interface occurs, the latter based on the appearance of Au 2 O 3 and RSO 3 species. Such an analysis reveals that the effective diffusion length (or penetration depth) of atomic O within the hydrocarbon film is ≈5.5 Å. Furthermore, the fact that Au 2 O 3 and RSO 3 species are not observed until after prolonged O/O 2 exposure indicates that although X-ray irradiation of SAMs induces carbon, sulfur, and hydrogen desorption 25, 26 the X-ray-modified C 16 -SAM forms a 3-dimensionally dense overlayer, preventing O-atom penetration to the film/vacuum interface (Scheme 1). These results are consistent with those of George et al. 9 who found that carbon oxidation and C-C bond cleavage occur prior to oxidation at the film/substrate interface. In a broader sense we also believe that the three stages of reaction outlined in the present investigation will be generally relevant to oxygen atom etching of hydrocarbon films and carbonaceous material although it should be noted that for thicker films the relative importance of stage II (constant etching) will increase.
Conclusions
The reaction of a mixture of atomic and molecular oxygen with a well-defined organic thin film initially proceeds via H-abstraction at the vacuum/film interface to produce an alkyl radical. These species react rapidly with molecular oxygen to produce a peroxyradical whose subsequent chemistry leads to the formation of R-O-R, CdO, and O-CdO species. Once a steady-state distribution of oxygen-containing carbon functionality has been established, removal of carbon from the film (etching) proceeds via the formation of volatile species, including carbon dioxide. Under these conditions, a zeroth-order loss of carbon from the film is observed due to the fact that the effective diffusion length of oxygen radicals in the film is less than the thickness of the hydrocarbon film. At longer O/O 2 exposures oxidation of the vacuum/film interface occurs producing Au 2 O 3 and sulfonate (RSO 3 ) species. Under these conditions carbon loss from the film exhibits pseudo first-order kinetics due to the limited thickness of the remaining overlayer.
